Introduction
============

Nuclear factor-κB was first described in 1986 as a nuclear transcription factor required for immunoglobulin kappa light chain transcription in B cells [@B1]. The NF-κB transcription factor consists of subunits that associate in dimmers [@B2]. The commonly described dimer forms are p50 (NF-κB1) with RelA (p65) and p52 (NF-κB2) with RelB. The NF-κB1/RelA complex remains in the cytoplasm in an inactive form in association with I-κB. Upon stimulation with LPS or proinflammatory cytokines, IKK is activated and causes I-κB phosphorylation and degradation [@B2]. This releases the NF-κB/RelA complex from I-κB inhibition and allows its translocation to the nucleus where it transcriptionally activates key genes involved in inflammation and chemotaxis [@B3]-[@B5].

NF-κB activation has been shown as a pivotal process in the regulation of viral replication, tumorigenesis, apoptosis and autoimmune diseases [@B6], [@B7]. Under pathological hepatic conditions, such as hepatitis, fibrosis, hepatocarcinoma, ischemia-reperfusion injury and liver regeneration, involvement of the NF-κB signaling pathway has been reported [@B8]-[@B10]. However, there has been little study on the impact of therapeutic intervention of the NF-κB pathway on hepatic disease initiation and progression. This is largely due to the lack of a modeling system for assessing NF-κB activity under*in vivo* conditions [@B11], [@B12].

Recently, bioluminescent imaging has been applied to noninvasive assessment of cell signaling pathways under in vivo conditions [@B13]. Carlsen and colleagues reported a NF-κB-luciferase transgenic mouse model for monitoring the NF-κB signaling pathway [@B14]. However, detection of NF-κB activation with this model is subjected to perturbance by luciferase expression in extra-hepatic tissues. Hyoudou and colleagues reported a mouse model for monitoring NF-κB activation specifically in the liver through *i.v.* delivery of a NF-κB reporter to the hepatic tissues [@B15]. However, transient NF-κB reporter expression precludes further application for monitoring NF-κB activation under chronic pathological conditions. In this report, we generated a pattB-NF-κB-Fluc reporter plasmid that contains an *att*B integration site and the firefly luciferase gene under the transcriptional regulation of the NF-κB consensus sequences fused to a TATA-like promoter. Using a hydrodynamic transfection method [@B16], [@B17], we transfected the liver tissues with the pattB-NF-κB-Fluc reporter and a φC31o integrase [@B18], [@B19] vector. Expression of φC31o integrase was expected to mediate recombination between the *att*B site of the pattB-NF-κB-Fluc reporter and *att*P site of the chromosome, allowing stable chromosomal integration of the pattB-NF-κB-Fluc reporter cassette in the transfected cells. Using this novel approach, we established stable transfection of the hepatic tissues with the pattB-NF-κB-Fluc reporter and were able to monitor NF-κB activation longitudinally. We further investigated the kinetics of NF-κB activation following partial hepatectomy (PHx) and revealed that suppression of the NF-κB activation with Sorafenib was associated with impairment of liver regeneration.

Materials and Methods
=====================

Reagents
--------

Bacterial lipopolysaccharide (LPS), Concanavalin A (ConA) and Pyrrolidinedithiocarbamate (PDTC) were obtained from Sigma-Aldrich Chemical Co (St. Louis, MO). D-Luciferin was purchased from Promega (Madison, Wisconsin). Sorafenib tosylate was obtained from Bayer HealthCare (Pharmaceuticals, Montville, NJ). The dosages, route of administration and dosage volume are listed in Table [1](#T1){ref-type="table"}.

Mice
----

BALB/c mice (male, 6-8 weeks) were purchased from the National Beijing Center for Drug Safety Evaluation and Research (NBCDSER). Mice were housed under specific pathogen-free (SPF) conditions. All animals received human care and *in vivo* experiments were approved by the ethics committee of the NBCDSER (Permit No.11-1166-3).

Plasmids
--------

M. P. Calos (Department of Genetics, Stanford University, USA) kindly provided the pTA-attB plasmid [@B20]. Plasmid pattB-NF-κB-Fluc was generated by cloning a 297-bp *att*B containing fragment of pTA-attB into the *Kpn* I site of pNF-κB-Fluc (Takara, Japan). A mouse codon-optimized φC31 (φC31o) was obtained from Addgene, Cambridge, USA (PphiC31o) ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1). Plasmid DNA was purified using an Endotoxin Free Maxi Kit (Qiagen, Hilden, Germany).

Hydrodynamics-based liver transfection
--------------------------------------

Hepatic tissues were transfected following a hydrodynamics-based DNA delivery technique [@B16], [@B21]. Briefly, the plasmid DNA was dissolved in saline and rapidly injected intravenously within 5 seconds to mice in a volume equivalent to 10% of the mouse body weight (i.e. 2 ml for a 20 g mouse).

Partial hepatectomy
-------------------

Two-thirds PHx was performed according to a method of Higgins and Andersen [@B22].

Bioluminescence imaging
-----------------------

Bioluminescence imaging was performed using an IVIS imaging system (Xenogen, Alameda, CA). Mice were *i.p.* injected with 150 mg/kg of D-luciferin. After 10 minutes, mice were anesthetized with 1-3% isoflurane and imaged for luciferase expression. The regions of interest from displayed images were quantified as photons/s/cm^2^/sr using the Living Image software 4.2 (Xenogen, Alameda, CA).

Histological and immunohistochemical evaluations
------------------------------------------------

The livers were fixed in 10% neutrally buffered formalin for 24 hours and then embedded in paraffin. The sections (5 μm) were affixed to slides, deparaffinized and stained with hematoxylin-eosin (HE). Immunohistochemical staining with anti-PCNA antibody (1:100 dilution; Epitomics, California) was performed to determine the morphological change and proliferation property of the hepatic tissues.

Analysis of genomic integration by nested PCR
---------------------------------------------

Mice were sacrificed at 30 days after transfection and the liver tissues were excised. Genomic DNA of the liver tissues was isolated using the Wizard Genomic DNA Purification Kit (Promega, Madison, Wisconsin) according to the manufacturer\'s instructions. Nested PCR was performed to detect site-specific integration at *mps*L1 (mice pseudo-site from liver). The first round of PCR with primers *msp*L1 (reverse) and *att*B-1 was performed with the isolated genomic DNA. Under similar conditions, the products were used as templates for the second round of PCR with primers *msp*L1 (reverse) and *att*B-2. The second round of PCR products were cloned into pGEM-T (Promega, Madison, Wisconsin) and sequenced. The following primers were used: *msp*L1 (reverse): 5\'-TGAGGAGGAGCCTTAGCAAC-3\', attB-1: 5\'-GTAGGTCACGGTCTCGAAGC-3\', and attB-2: 5\'-CGAAGCCGCGGTGCGGGTGCCA-3\'.

Western blot analysis
---------------------

Hepatic cell extract containing 50 micrograms of total protein was subjected to electrophoresis with a 10% polyacrylamide gel (SDS-PAGE). Proteins were transferred to polyvinylidenedifluoride membranes (Millipore, Billerica, MA). Luciferase expression was evaluated with an anti-luciferase mAb (1:1000 dilution; Promega, Madison, Wisconsin). An anti-GAPDH mAb (1:1000 dilution; Santa Cruz, CA) was used as an internal control. After incubation with the primary antibodies, detection was made with horseradish peroxidase-conjugated secondary rabbit antibodies against either goat or mouse IgG (1:5000 dilution; Beijing CoWin Biotech, China). The western blot analysis was performed using the standard techniques of the Immobilon Western (Millipore, Billerica, MA).

Electrophoretic mobility shift assay (EMSA)
-------------------------------------------

Hepatic nuclear extracts were applied to DNA binding assays using a Nuclear and Cytoplasmic Extraction Kit (Beijing CoWin Biotech, China) according to the manufacturer\'s protocol. Biotin-labeled NF-κB oligonucleotides (5\'-AGTTGAGGGGACTTTCCCAGGC-3\') were used for the EMSA [@B23]. The reaction mixture was loaded on a 4% native polyacrylamide gel in 0.5% Tris-borate-EDTA and blotted onto nylon membranes (Millipore, Billerica, MA). After UV-cross-linking, interaction between the biotin-labeled NF-κB oligonucleotides and NF-κB protein was detected using a Chemiluminescent EMSA kit (Beyotime, China) with a streptavidin-HRP conjugate and a chemiluminescent substrate (Millipore, Billerica, MA).

Statistical analysis
--------------------

All experiments were performed at least twice, with a minimum of three samples for each study. Data were shown as the means ± SD. The statistical significance was determined using the two-tailed unpaired Student\'s *t* test when 2 groups were compared. A probability value of \<0.05 was considered as statistically significant.

Results
=======

Detection of luciferase expression in the mouse liver after hydrodynamics-based gene delivery
---------------------------------------------------------------------------------------------

To generate a mouse model for evaluating the NF-κB transcriptional activity in the hepatic tissues, we delivered 10 μg of pattB-NF-κB-Fluc plasmid DNA to each mouse through a hydrodynamic injection method as described in the materials and methods. And before the formal experiment, the success rate, the survival rate and stability of hydrodynamic injection method were studied ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S2). As shown in Fig. [1](#F1){ref-type="fig"}A and [1](#F1){ref-type="fig"}B, we detected strong bioluminescent signals (approximately10^7^-10^8^ p/s/cm^2^/sr) in the livers one day after the injection. However, the signals rapidly diminished in the following imaging sessions and became undetectable on day 5. We also observed that alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels significantly increased in the serum at day 1 and followed the similar clearance kinetics as luciferase (Fig. [1](#F1){ref-type="fig"}C). These results suggested that the hydrodynamic DNA delivery procedure elicited an acute hepatic inflammatory process which involved NF-κB activation.

The extent of liver damage was evaluated by histology. As shown in Fig [1](#F1){ref-type="fig"}D, the liver tissues obtained at day 1 after hydrodynamic DNA delivery showed signs of severe damage, manifested by the presence of apoptotic and necrotic hepatocytes. In addition, infiltrating neutrophils were presented in the damaged tissue. These pathological changes abated at day 3 and completely diminished at day 6, suggesting that the damaged hepatic tissues underwent a rapid recovery process (Fig. [1](#F1){ref-type="fig"}D).

Monitoring NF-κB activation during LPS and ConA mediated acute inflammation
---------------------------------------------------------------------------

LPS and ConA were reported to induce acute inflammation in the liver. We examined the imaging detectibility of NF-κB activation in the NF-κB reporter transfected mice after treatment with these agents. As shown in Fig. [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}B, we were able to detect luciferase activity in the livers of LPS or ConA treated mice. The kinetics of response in these mice showed a remarkable difference, with the LPS and ConA treated mice showing a peak activity at 2 and 12 hours respectively. The magnitude of induction was more robust in LPS treated mice than that in ConA treated mice. However, the duration of induction was much longer in ConA treated mice than that in the LPS treated mice. At 36 hours, the ConA treated mice still showed detectable luciferase activity while the activity of LPS-treated mice retreated to a basal level. Analysis with EMSA showed that the activated NF-κB levels in the hepatocytes reached their peaks at 4 and 12 hours in LPS- and ConA-treated mice respectively (Fig. [2](#F2){ref-type="fig"}C). The kinetics of NF-κB activation thus correlated nicely with imaging-detected luciferase activities in these mice. We further performed histological examination of the livers and showed that apoptosis and necrosis were more severe at 12 and 36 hours than at other time points, followed by recovery at 36 and 100 hours in LPS and ConA treated mice respectively (Fig. [2](#F2){ref-type="fig"}D).

Phage φC31ointegrase mediated stable integration of the NF-κB-luc reporter
--------------------------------------------------------------------------

We examined the NF-κB activation after gene delivery and found that the luciferase activity was detectable on day 11 and became difficult to detect after day 30 (Fig. [3](#F3){ref-type="fig"}A, top panel), indicating that the gene delivery procedure only produced transient transfection of the hepatic tissues. To facilitate stable integration of the NF-κB-luc reporter, a mouse codon-optimized φC31, named φC31o integrase, was co-transfected to the hepatic tissues. The mouse codon-optimized φC31 integrase (PphiC31o) is a new system different from the originalφC31 integrase (pCMV-int) previously reported. Mice co-injected with PphiC31o displayed higher luciferase activity than mice co-injected with pCMV-int 60 days post-injection, indicating that φC31o improved recombination efficiency in mice livers and could be a feasible and viable alternative method to create genetically modified laboratory mice models ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1). As shown in Fig. [3](#F3){ref-type="fig"}A (bottom panel), we were able to detect luciferase induction by LPS in the co-transfected mice at 30 days after gene delivery. Expectedly, the luciferase induction by LPS was still detectable in the co-transfected mice at 80 and 300 days after the hydrodynamic gene delivery procedure (Fig. [3](#F3){ref-type="fig"}C and [3](#F3){ref-type="fig"}D). These results indicated that the φC31o integrase had mediated stable chromosomal integration of the NF-κB reporter in the transfected hepatic tissues.

The DNA sequences at the integration sites are termed pseudo *att*P sites. Phage φC31o integrase has been shown to mediate efficient gene transfer of plasmid DNA into host cells through a recombination event between the attachment sequence *att*B and the pseudo *att*P sites present in the host genome. The most prevalent pseudo *att*P site (*mps*L1) favored for integration into the mouse genome has been described previously [@B20]. Here we determined whether integration into this site occurred through nested PCR. The resultant PCR products were sequenced and aligned with the murine genomic sequence. The switch from the *att*B site to the genomic sequence near the TG core and the sequence between the genomic sequence and the *att*P site support φC31o mediated integration at genomic pseudo-*att*P sites (Fig. [3](#F3){ref-type="fig"}E). These results confirmed that φC31o mediated chromosomal integration of the NF-κB reporter, which accounted for the long-term imaging detection of the NF-κB signaling pathway in the co-transfected mice.

Monitoring the suppression effect of PDTC on NF-κB activation
-------------------------------------------------------------

With the NF-κB-luc reporter transfected mice, we evaluated the efficacy of PDTC on LPS induced NF-κB activation in the hepatic tissues. PDTC has been reported as a potent and specific inhibitor of NF-κB [@B24], [@B25]. In our study, we pre-dosed the NF-κB-luc reporter transfected mice with PDTC at 30 minutes before LPS challenge. In vivo imaging was performed at 4 hours and the results were shown in Fig. [4](#F4){ref-type="fig"}A. We observed a remarkable inhibition of LPS induced luciferase activity in the PDTC pre-treated mice. Quantitation analysis showed that the inhibition of luciferase activity by PDTC was statistically significant (p\<0.05) (Fig. [4](#F4){ref-type="fig"}B). Furthermore, we confirmed by western blot that the hepatic tissues of PDTC treated mice had less luciferase protein expression than that of LPS treated mice (Fig. [4](#F4){ref-type="fig"}C).

Taken together, these results demonstrated a correlation between NF-κB activation and luciferase activity in the NF-κB-luc reporter transfected mice.

Sorafenib suppressed partial hepatectomy-induced liver regeneration via down-regulating NF-κB activation
--------------------------------------------------------------------------------------------------------

Clinically, Sorafenib has been approved by the FDA for treatment of unresectable hepatocellular carcinoma (HCC). A previous report showed that Sorafenib affected the late stage liver mass restoration after partial hepatectomy [@B26]. We hypothesize that Sorafenib mediated suppression of liver regeneration involves in the NF-κB pathway.

We investigated the impact of Sorafenib treatment on liver regeneration. The experimental scheme was delineated in Fig. [5](#F5){ref-type="fig"}. Mice were pre-treated with Sorafenib daily for 7 days before and 5 days after the partial hepatectomy procedure. Following the surgical procedure, mice were sacrificed at day 1, 3, and 5 respectively for measurement of the liver weight. In addition, bioluminescent imaging was performed at indicated time points. As shown in Fig. [6](#F6){ref-type="fig"}A, we observed a retarded restoration of the liver mass in Sorafenib treated mice in comparison to the vehicle treated control mice. Expression of the proliferating cell nuclear antigen (PCNA) in the hepatic tissues of Sorafenib-treated mice was remarkably lower than that in the control mice (Fig. [6](#F6){ref-type="fig"}B). Analysis of NF-κB activity showed that the PHx procedure induced NF-κB activation in the liver when the mice were imaged at 12 hours. The activity remained at a plateau level until 48 hours after surgery and declined dramatically from 72 hours to a basal level at 120 hours (Fig. [6](#F6){ref-type="fig"}C, bottom panel). These results indicated that the liver regeneration process is accompanied with NF-κB activation. In the Sorafenib treated mice, we observed a dramatic suppression of the NF-κB activity in the liver (Fig. [6](#F6){ref-type="fig"}C, top panel), which was further confirmed through quantitation of the luciferase signal Fig. [6](#F6){ref-type="fig"}D. Thus, our results suggested that Sorafenib may have exerted its inhibitory effect on liver regeneration through suppression of the NF-κB signaling pathway.

Discussion
==========

A growing body of evidence suggested that the NF-κB-dependent pathway participated in the development of liver failure, chronic liver diseases, and hepatocellular carcinoma. Thus, NF-κB is an attractive target for pharmacological intervention of these pathological conditions [@B27]-[@B29]. Being able to monitor the NF-κB-dependent pathway under various pathological states would facilitate the validation process of novel therapeutic agents and approaches. Our development of the NF-κB-luc stable transfection model fits right to this purpose.

Bioluminescence imaging has been proven to be a highly sensitive method for monitoring gene expression in luciferase reporter manifested transgenic mice [@B30], [@B31]. The noninvasive nature of this technology enables convenient longitudinal studies, which leads to the generation of statistically preferable data sets with fewer animals [@B32]-[@B34]. Generation of transgenic mice for imaging the NF-κB signaling pathway was reported previously [@B14]. However, development of transgenic animal model is time consuming. Transient transfection with luciferase reporters has been used for monitoring NF-κB activation in the liver [@B15]. However, the reporter expression lasted for only a few days, thus was not suitable for monitoring NF-κB activity during chronic pathological conditions.

φC31o integrase has been exploited to facilitate stable chromosomal integration of the transfected DNA. Within the transfected cells, stable chromosomal integration was achieved though φC31o integrase catalyzed recombination between the attachment *att*B sequence of the transfected DNA and the pseudo *att*P sites of the host genome. In our study, we experimented the φC31o integrase mediated integration approach and achieved efficient and stable integration of the NF-κB reporter in the transfected hepatic tissues. Chromosomal integration of the reporter was verified through nested PCR analysis of DNA sequences adjacent to the *mps*L1 site, which was previously identified as one of the frequently targeted *att*P site in the murine genome [@B18]-[@B20]. We demonstrated that the transfected mice expressed the reporter nearly one year after the gene delivery. Induction of the NF-κB pathway was non-invasively monitored during LPS and ConA mediated inflammatory processes. Response to LPS challenge occurred more rapidly than that to the ConA treatment. It has been established that acute liver injury by LPS involved NF-κB activation in Kupffer cells and secretion of proinflammatory cytokines, which orchestrated a cascade of pathological events towards the liver failure [@B35], [@B36]. ConA treatment was used to establish T cell-mediated acute hepatitis through cytokine induction that involved NF-κB activation, which was conducive to hepatic apoptosis and necrosis. The difference of NF-κB activation kinetics after LPS and ConA treatments could be due to that the Kupffer cells and T cells were the predominant cell populations in the responses following the respective challenges [@B37], [@B38].

HCC is a common cause of cancer-related death, and the incidence has been increasing worldwide [@B39]. Clinical, HCC patients often need to undergo partial hepatectomy to remove the primary lesion before chemotherapy. Sorafenib is a multi-kinase inhibitor and has been used to treat patients with HCC [@B40]. However, researchers have shown that Sorafenib affected liver mass restoration after partial hepatectomy with unknown molecular mechanism [@B26]. As NF-κB has been indicated to play a critical rule during liver regeneration, we hypothesized that Sorafenib treatment-induced delay of liver regeneration could be due to its modulation of the NF-κB pathway. Indeed, our results demonstrated that Sorafenib suppressed the NF-κB activation following hepatectomy and that the suppression correlated with a delay in liver regeneration (Fig. [6](#F6){ref-type="fig"}). This finding may serve as a cautionary guidance on the timing of Sorafenib treatment of HCC patients following hepatectomy.

In conclusion, we reported a method of stable transfection of the hepatic tissues and demonstrated that the NF-κB signaling pathway can be non-invasively monitored under pathological conditions such as acute liver injury, hepatitis and liver regeneration. We provided evidence that suppression of the NF-κB signaling pathway was the molecular mechanism of Sorafenib treatment-elicited retardation of liver regeneration. Further exploration of this stable transfection approach for establishment of other disease models will enable in vivo validation of novel pharmaceuticals.
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![**Detection of luciferase expression in the mouse liver after hydrodynamics-based gene delivery.** NF-κB reporter gene expression in the livers (n=5) was monitored longitudinally through noninvasive molecular imaging (A, B). Serum ALT and AST levels at indicated time points were shown. n=5 in each group (C). Histological examination of tissue damage through HE staining of liver sections from mice at 1, 2, 3, and 6 days after the hydrodynamics-based gene delivery was shown. The results are representative of 3 experiments. Original magnification ×200 (D).](thnov03p0841g002){#F1}

![**Monitoring NF-κB activation during LPS and ConA mediated acute inflammation.**NF-κB in the mouse liver was activated through LPS and ConA treatment (A). The level of luciferase expression (n=4) was quantified as photons/s/cm^2^/sr using the Living Image software 4.2. The results are representative of 2 experiments (B). NF-κB activation in the hepatocytes at different time points was detected using EMSA. Each blot represents at least three independent experiments (C). Histological examination of liver tissues harvested at indicated time points from LPS and ConA treated mice. The results are representative of 2 experiments. Original magnification ×200 (D).](thnov03p0841g003){#F2}

![**PhageφC31ointegrase mediated stable integration of the NF-κB-luc reporter.** A total of 10 μg of pattB-NF-κB-Fluc was delivered to mice with and without 20 μg of PphiC31oby hydrodynamic injection. On day 11 and 30, the luciferase activity was monitored after LPS challenge. Imaging on day 20 was performed without LPS challenge and served as a baseline control for the day 30 imaging data. (A). Luciferase activities after LPS challenge of the transfected mice (n=4) on day 11, 30 (B) and day 80 and 300 (C, D) were quantified and shown. The results are representative of 2 experiments. Nested PCR was used to detect the junction between the *att*B site of pattB-NF-κB-Fluc and *mps*L1 at 30 days after the DNA injection (E).](thnov03p0841g004){#F3}

![**Monitoring the suppression effect of PDTC on NF-κB activation.** PDTC was *i.p.* injected to mice at 30 min before LPS treatment. NF-κB activation (n=3) was measured at 4 hours through bioluminescence imaging. The results are representative of 2 experiments (A, B). The expression of the firefly luciferase was determined through western blot analysis (C).](thnov03p0841g005){#F4}

![**Treatment scheme.** Sorafenib or vehicle (distilled water) was*p.o.* dosed to mice daily for 7 days before PHx. Treatment was continued for 5 days post the PHx procedure. The bioluminescence imaging was performed at 1 day before PHx and continued for 5 days after PHx. The livers from the two animal groups were harvested at 24, 72, or 120 hours after PHx.](thnov03p0841g006){#F5}

![**Sorafenib suppressed partial hepatectomy-induced liver regeneration via down-regulating NF-κB activation.** The livers were harvested at 24, 72, and 120 hours after PHx and weighted. The ratios of liver weight over the whole body weight were shown. The values represents means±SD, with n=4 for each group. (A). Expression of PCNA in the livers was evaluated with immunohistochemical staining. Original magnification ×200 (B).Sorafenib or vehicle treated mice were imaged for luciferase expression at indicated time points following PHx (C). Quantitation of luciferase signal from the liver was shown (n=4).The results are representative of 2 experiments. (D).](thnov03p0841g007){#F6}
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The dosages used, route of administration and dosages volume of the reagents used in this report.
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